Fires generally occur due to human carelessness and the change in environmental conditions. The uncontrolled fire results in death incidents of humans and animals as well as severe threats to the ecosystem. The preservation of the natural environment is important. The wireless sensor networks, widely used in different monitoring applications, is used in this work. For fire detection, we use flame, smoke, temperature, humidity, and light intensity sensors in our proposed network node which is low-cost, reduced-size, and power-efficient. The experiments are performed in a well-controlled real-time environment. The proposed node transmits the sensed data to the central node. The central node then transfers the data gathered from all the nodes to the control station using an air interface. To decide whether there is an incident of fire or not, and to have an idea on fire intensity, we combine multiple attributes sensed from a single node using Bayesian approach due to its simplicity and resemblance with human reasoning. In the experimental setup, the conditions for fire with different intensity are generated and the results confirm the validity of the proposed approach in terms of accuracy and less false alarms.
Introduction
Human negligence or drastic environmental changes may lead to hazardous fires. Accidental fire is a major threat in various environments, and may lead to potential loss of human lives and economic damage. The preservation of the natural surroundings is really essential. A lot of work has been carried out for preventive and corrective measures to handle the fire-related problems. If fire can be detected at a proper time and necessary corrective measures are taken, then the fire disasters can be efficiently avoided. Fire accidents can take place in two different environments, such as indoor and outdoor environments. Indoor accidents include the buildings where fire occurs due to gas leakages, unattended equipment, heat source close to the combustibles, poor handling of sensitive materials, etc., whereas outdoor fire accidents involve forest fire, agricultural operations, natural factors, or deliberately setting fire in enmity, etc. Among these two, outdoor accidents are considered the most devastating accidents. A comparison between fires occurring in indoor and outdoor environments is provided in Table 1 . From Table 1 , we observe that risk factor is high for wildlife and environment in outdoor environments whereas it is high for human life, assets, and infrastructure in indoor environments. Forest fire detection is an important task which has to be handled at early stages to avoid a huge loss. It is also very difficult to prevent fire in outdoor environments. * Correspondence: ali.qureshi@iub.edu.pk In the past, manual procedures were being used to detect forest fire. A watchman was appointed to monitor a specific area for fire accidents. His duties were to look around the surroundings and to observe the environment to foresee any incoming fire. The manual method was simple; however, it required manpower, had limited range, and prone to human errors. Another method was patrolling which was faster than the former. In patrolling, the guard moves on the vehicle to monitor the area for any fire accidents. The advantage of this method was that it was fast and required less manpower. However, the transportation cost was very high.
The wireless sensor network (WSN) has attracted a lot of interest from the research community working on automated fire detection. Using WSN nodes is an efficient way to determine the fire accidents well in time. To reduce fire hazards, there is a need to make such a node which can be implanted in different areas which will send data from various sensors attached to the WSN node. The WSN is a suitable and low-cost solution for fire detection. It is a reliable solution for different monitoring problems and used in various fields such as forests [1] [2] [3] , wild lands [4, 5] , residential areas [6] , buildings [7, 8] , rural areas [9] . Fire detection is important for the above mentioned areas for the protection of land, infrastructure, and human and animal life. The WSN node is implemented using different set of sensors. In [8, 10, 11] fire detection is carried out using multiple combinations of the sensors and cameras such as infrared, internet protocol (IP), and thermal cameras. It gives us the visualization and 3D image of the area of implementation. However, it is expensive and requires manpower continuously for its monitoring.
Alkhatib in [12] proposed a WSN model for fire detection using only temperature sensors. The model provided high accuracy and used cheap temperature sensors. The authors in [13] extended the work in [12] by increasing the types of sensors such as temperature, humidity, pressure and position sensor etc. In [14] , Antonio et al. proposed a hierarchy of WSN which is used for early fire detection. It includes the sensor nodes (SNs) to sense air temperature, relative humidity, wind speed and direction, CO and CO2 levels and provided the data to central nodes which transmit the data to the control center. However, the designed WSN lacked intelligence and provided less efficiency.
Hakilo et al. in [15] described a WSN node based on wildfire hazard prediction (WFHP) system. The WSN-WFHP system model used 2-tiered WSN architecture and consists of 16 weather sensor nodes. This makes the WSN more efficient and precise. However, due to the limited types of sensors used, these algorithms yield ineffective results and may not detect fire on time. In [16, 17] , the author used fuzzy logic with multiple sets of sensors such as temperature, humidity, light intensity, and distance sensor for intelligent fire detection. However, it increased the exponential growth of rule-based decision making. The authors in [18] [19] [20] made improvement in fuzzy logic by using multiple approaches such as fuzzy logic II, tree classifier, and neighbor-based fuzzy logic algorithms for fire detection. These approaches reduced the rules for correct decision making. However, fuzzy logic is unsupervised, so it may give errors while detecting the fire. Therefore, we used supervised intelligent system in the proposed fire detection WSN node. It is based on the Bayesian optimization machine learning algorithm with less chances of false fire detection. The WSN will be trained for most of the sets of values that may cause fire, eventually detecting the fire incident. In this work, we present the wireless sensor node with different sensors such as flame detection sensor, gas sensor (smoke) [21] , temperature sensor, humidity sensor, and light sensor. These sensors will monitor the environmental parameters continuously and send the data collected from sensors to the base station, where it will be monitored to prevent any kind of hazardous fire. This application will be useful for almost every type of environment and it will be convenient as it is going to be wireless. The node used will be cheap and small so that it can be implemented anywhere.
The main contributions of the paper are: 1) To use optimal combination of sensors for fire detection. The paper is organized as follows: Section 1 includes the introduction for fire detection. In Section 2, we provide comprehensive discussion about the architecture of WSN node. The description of sensors used in the proposed work and fundamental parts of the WSN node along with voltage sensor circuit are explained in Section 3. Complete circuit design of smart fire node and their budget analysis is discussed in Section 4. Testing of the hardware and machine learning algorithms is discussed in Section 5 followed by discussion and conclusion in Section 6.
Wireless sensor network
Over the last ten years, the WSN has attracted a lot of attention from research community due to its various applications. The WSN is a wireless network composed of different devices used for monitoring and controlling applications. The main applications include health and environment monitoring, home and office automation and military-related applications. The block diagram of WSN is shown in Figure 1 . The WSN consists of two major parts i.e. WSN node and base station. 
WSN node
The sensor node is the main component of WSN which is responsible to sense the changing parameters of the environment and transmit the information to the base station. A WSN node consists of a transceiver, microcontroller, sensors, and power source. The components of the WSN node are illustrated in Figure 2a . The sensors are mounted on the node which is responsible for collecting information. The microcontroller receives the sensor data and transmits it towards the base unit through the transceiver. The battery source provides the necessary power for operations. The architecture of multiple sensor nodes is placed at different places and these nodes can communicate with each other by applying different networking algorithms. The nodes can be placed by using different network topologies such as star, mesh, and hybrid.
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Base station
The base station is responsible for receiving the information sent by the WSN node and delivers it to the end user. It operates as a bridge between the sensor node and the user. The base unit consists of a transceiver, microcontroller, and battery. A block diagram of a base station is shown in Figure 2b . The transceiver is used to receive the information from WSN node and microcontroller takes necessary decisions using the data received from sensors. Due to this control functionality, base station is also known as an administrative unit. The battery source provides the power to the microcontroller and transceiver.
Proposed wireless sensor network node
In this paper, we propose a WSN node which will be used to detect the fire using sensors including flame sensor, smoke sensor, light sensor, temperature, and humidity sensor. The smoke sensor is used to detect the smoke produced in the early stage of fire. The flame sensor detects the flame of the fire. The node also includes temperature and humidity sensor used to measure the temperature and humidity of the environment because the fire affects the temperature and humidity of the environment. The fire also produces light variations in the environment. The node measures the light intensity by using the light dependent resistor (LDR). The combination of the sensors used here provide accurate and early fire detection. These sensors will provide the data to a microcontroller. The microcontroller is connected to the radio frequency (RF) transceiver due to its large range and low cost. The transceiver will transmit the data to the base station. A lithium ion battery is used to supply the power to the node components. The battery status is monitored with the help of voltagedependent resistor (VDR) circuit. Figure 3 shows the block diagram of the proposed fire detection WSN node and a brief discussion of various components is provided in the following sections. 
Sensors
We used different sensors to detect the fire in our proposed WSN node. The technical details of each sensor used are provided as follows.
Flame sensor
The infrared (IR) flame detection sensor is used to detect the infrared wavelength ( 760 − 1100 nmλ ) emitted from the flame of fire (see Figure 4a ). It operates at low voltage ( 3.3 V to 5 V) and detects the flame up to 1 m. It gives both analog and digital output. The digital output is set with the help of adjustable sensitivity knob. It has comparator chip LM393 which keeps the output readings more stable.
Temperature and humidity sensor
The DHT22 digital temperature and humidity sensor is used due to its small size and low power consumption (see Figure 4b ). It measures both temperature and humidity and provides digital output. It is more accurate and stable than other available sensors. Its operating voltage is 3.3 − 6 V. The temperature measurement ranges from −40 to 125 • C with ± 0.5 • C accuracy. The humidity measurement is from 0 − 100% with ±2% accuracy.
Smoke sensor
The MQ-2 smoke sensor with sensitive material SnO 2 is used to detect smoke (see Figure 4c ). The SnO 2 has low conductivity in clean air and high conductivity for liquefied petroleum gas (LPG), Methane, Hydrogen, and Propane gases in the environment. The sensor produces high output voltage in case of high conductivity. It is a low-cost sensor and operates at 5 V ± 0.1 V.
Light intensity sensor
A 5-mm LDR is used as a light intensity sensor due to its low cost (see Figure 4d ). In case of increased brightness, its resistance reduces and produces low voltage drop across it, whereas in darkness it acts as a high-value resistor so the voltage drop is high. It is used in series with another resistor and voltage drop across that resistor is measured. 
Microcontroller
Most of the WSN nodes use Arduino microcontroller development board due to ease in implementation and simplicity. In this work, we use ATmega328p microcontroller chip instead of the whole Arduino board due to three main reasons: (i) reduced cost, (ii) small size, and (iii) power efficiency. The dimension of the chip is 34.8 × 7.49 mm compared to the Arduino which is 68.6 × 53.3 mm. The Arduino consumes about 50 mA in active mode while the chip only consumes 16 mA. Therefore, power consumption is reduced 3 times less than the Arduino. The chip operates at 1.8-5 V voltage levels with 4-204 MHz clock speed.
Transceiver
In this paper, we use NRF24L01+, an RF transceiver with 2.4 GHz operating frequency. It has very low cost in comparison to other transceivers and consumes less power. The voltage operating range lies between 1.9 and 3.6 V. It has a small size (dimension: 12 × 18 mm) and transmission range is about 100 to 1000 m. The NRF24L01+ module can operate on three different data rates according to applications which are 250 kbps, 1 Mbps, and 2 Mbps. The NRF24L01+, with channel frequency band of 2400 -2525 MHz, provides 125 independent channels for multiuser communication. One transceiver can communicate with 5 transceivers at a time. Therefore, by using different end devices and coordinate routers we can make a complete network of different topologies. The power consumption is about 12 mA during transmission. The NRF24L01+ has 4 power modes which can be selected according to the power of the amplifier and the distance travelled by the transceiver. The modes are named as minimum power, low power, high power, and maximum power. The hardware chips of RF, Zigbee, Bluetooth, and RF tranceivers are shown in Figures 5a-5d respectively while a detailed comparison is provided in Table 2 . 
Power source
The power source is the key component in WSN node. It is important to design the battery that provides high storage capacity, low self-discharge rate, and must be environment friendly. In order to reduce the cost and improve battery life, lithium ion cells ( 2 cells in series) are used. Each 18650 lithium ion cell provides 3.7 V with 2600 mAh capacity. It can be used in open environment without reducing its efficiency. A voltage sensor circuit is used to monitor the power utilization during the working of node.
Voltage sensor circuit
The battery power is very important for the wireless sensor node and therefore the battery status has to be monitored properly. For this purpose, voltage sensor circuit is used in this node. A voltage sensor circuit is based on voltage-dependent resistor (VDR) which consists of two series resistors connected parallel to the battery input to monitor the battery status. The low resistance consumes large power ( P = I 2 R ). Therefore, to avoid power loss, we choose resistor with high resistance ( R 1 = 220 KΩ and R 2 = 100 KΩ). The circuit for measuring the voltage is shown in Figure 6 .
In this work, a battery source provides normal input voltage, V in = 7.4 V, across the WSN node. The V out is the analog input of microcontroller and it is the voltage across R 2 resistor. According to the voltage divider rule,
The analog pin of Atmega328p microcontroller has built-in 10 -bit analog to digital converter (ADC) which converts analog signal into 10 -bit digital signal. The ADC maps the analog voltage (0-5 V) to digital signal V ADC ( 0 − 1024 ) e.g., in case of V out = 2.3125 V,
In microcontroller program, we remap the digital signal VADC to analog voltage {V out = 5×V ADC 1023 } and multiply the inverse factor of VDR R f = R 1 + R 2 R 2 from which the actual battery voltage V −bat is calculated.
The battery is constructed using 2 lithium ion cells where the operating voltage of each lithium ion cell is 2.9-4.2 V and the operating voltage of battery is 6-8.4 V. When the voltage range crosses that limit, it strongly damages the lithium ion cell. The battery limit is mapped in percentage for monitoring the battery status.
Hardware design

Schematic circuit design
The schematic circuit design is mostly used to give a visual display of the electrical circuit design which is helpful for representing the circuit design. The benefit of using the schematic circuit is that it displays all the components and where they are connected. Thus, by just looking at the diagram we know the connections. The schematic diagram of smart fire detection node is shown in Figure 7 . The optimal design for the smart fire node is efficient and has low jumper costs.
This WSN fire detection node can be operated using DC power supply or battery. The 1N4007 diode is used for reverse voltage protection. The red LED is used with 1 K resistor for power indication. The mini Buck converter is used for down voltage regulation to convert 7.4 V into 5 V. It is more power-efficient than linear voltage regulator. The NRF24L01+ is best operated at 3.3 V. For this purpose, we select AMS1117 ( 3.3 V) low-dropout regulator and also add 10 µ F capacitor between VCC and GND pin to avoid power fluctuations. The 16 MHz crystal oscillator is used between pin-9 and pin-10 with two 22 pF capacitors. A push button is also used with the reset pin to reset the Atmega328p microcontroller.
Printed circuit board design
The printed circuit board (PCB) models are very important to make the circuits more effective. These circuits help us provide the suitable connections for the configuration of the node. We designed two-layer PCB for fire detection WSN node to reduce the size of the node. The dimension of our PCB circuit design is 71.12×50.80 mm. In this PCB design, we create custom components for sensors such as nRF24L01+, DHT22, fire sensor, smoke sensor, mini buck convertor, and FTDI. Then, we connect other components, such as Atmega328p, resistors, capacitors, and crystal oscillator, according to the schematic diagram. The FTDI, a 4-pin program header which connects to TX, RX, VCC, and GND pin of Atmega328p, is used to program the microcontroller from Arduino software. The 1.21 mm trace is used for connections between the circuits given in Figures 8a, 8b , and 8c respectively whereas all the three components are collectively shown in of node for mounting. The top copper layer, bottom copper layer, and silk screen layer are shown in Figures 8a-8c , respectively, whereas all the three layers are collectively shown in Figure 8d 
Etching and assembling
The PCB circuit design is further printed on a photo paper (Figure 9a ). A copper sheet (Figure 9b ) of same dimension is then cleaned and the designed circuit is imprinted and ironed for 8-10 min. The copper sheet is then separated from the photo paper resulting in the printed image on the PCB sheet. The PCB sheet is then placed in a Ferric Chloride ( FeCl 3 ) solution to get the exact circuit design (Figure 9c ). Finally, we drill the sheet and solder the components (Figures 9d and 9e) . The final built circuit is shown in Figure 9f . In Figure 10 , we have also shown the final fire detection node working in real environment. 
Hardware components
The list of hardware components used in the proposed fire detection WSN node is as follows. 
Budget
The prices of each component used in the fire detection WSN node are separately given in Table 3 . The battery used is rechargeable, so there is very little maintenance required. From Table 3 , we observe that the node is very low-priced and therefore suitable for wide range of applications.
Experimental results
Data collection
After completing the hardware circuit, we tested the WSN node in different environmental conditions and time such as in open area at midnight, in room at midnight, in open area in smog at late night, in sunlight in the afternoon, in bonfire in the afternoon, and in smoke in the afternoon. The values of 5 sensors are taken in the winter and are discussed in the following subsections.
Temperature
Six different conditions of temperature were measured. Figure 11a shows the plot of temperature readings at different time intervals. From the plot, we observed that at midnight, temperature was constant for several hours. Then, the temperature decreased further due to smog but remained constant. In sunlight the temperature rose. Later, we initiated a fire which resulted in an abrupt increase in the temperature. This would be the peak temperature. Lastly, after the fire was extinguished, the temperature decreased gradually. Figure 11b shows the plot of humidity readings at different time intervals. From the plot, we observed that humidity at midnight was slightly higher than that in the closed room. The peak level was achieved in the open environment where humidity was high due to smog. In sunlight, humidity decreased and dropped to the lowest level under the fire ignition due to heat and smoke. Figure 11c shows the plot of light intensity readings at different time intervals. From the plot, we observed that light intensity was zero at midnight and late at night in the open area. Intensity was measured low due to the presence of light in the room. The light intensity in the sunlight was at its peak. Later, the fire was started resulting in increased light intensity which gradually decreased to its normal level. Figure 11d shows the plot of flame status readings at different time intervals. The results show high voltage in the no-fire condition and low voltage in the fire condition. In the fire condition, the graph shows very low voltage due to high intensity of flame in fire but at night it shows high voltage due to no fire. We observed that IR flame detection sensor is not an effective sensor for open environments because it detects infrared from sunlight as well. 
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MQ-2 smoke sensor is sensitive in measuring multiple gases but shows high sensitivity in measuring CO, smoke, etc. We observed that in open areas, smoke sensor gives low value without any fluctuations, whereas in fire and smoke condition it gives maximum level. Figure 11e shows the plot of smoke readings at different time intervals.
Fire detection using machine learning
In our work, for fire detection, we have used the Bayesian classifier. The Bayes classification model, commonly used in data and image processing, is a machine learning approach that provides excellent results for classification and detection problems. Here, we use real data collected from our experiments (as discussed in previous section) with the Bayesian classifier. The dataset used for training and testing is collected from real environments under different conditions. We divide our data into two categories: i) fire, which includes the data collected in bonfire, ii) no-fire, which includes the data collected in an open area at noon, midnight and in smog condition, in closed room environment, and in smoke conditions. In total, we have 300 samples for fire and 900 for no-fire event where each sample contains sensor values collected from five sensors i.e. temperature sensor, humidity sensor, flame detection sensor, light sensor, and smoke sensor. The normalized sensor values are used as features for training and testing. For our experiments we have used five features i.e. one feature from each sensor for fire and no-fire events. From this data, we use 60% for training of Bayesian classifier and 40 % for testing and validating the results of the proposed model.
Bayesian classification framework for fire detection
For fire detection, we used a supervised Bayesian classification framework with a multivariate normal distribution. For a test feature vector y , the probability density function (PDF) is given by:
where N is the number of features, m represents the number of classes, and µ m and ∑ m are the class mean vectors and covariance matrices. For a given test vector y containing the sensor values, the decision rule on whether y represents a Fire event or a No Fire event is based on the following framework: Decide class i ( i = 0
The above a posteriori probabilities can be expressed in terms of the a priori probability and the class conditional PDFs using the Bayes theorem:
Objective evaluation of the proposed framework
To evaluate the performance of our proposed Bayesian classification framework for fire event detection, we use precision, recall, accuracy, and F-measure which are commonly used as objective evaluation metrics in detection and classification problems. To calculate these metrics, we compute the true positive (TP), the false positive (FP), the true negative (TN), and the false negative (FN) values using the trained classifier and the test data. TP: Fire events detected correctly, TN: no-fire events detected correctly, FP: no-fire events detected as Fire, FN: fire events detected as no-fire.
In Table 4 , we show the results for our model using the data collected from experiments. Precision gives the percentage of correctly detected fire events out of total detected fire events. The proposed model gives excellent precision values which prove its excellent detection performance. Recall gives the percentage of correctly detected fire events out of total fire events. Our model gives a recall value of 0.97 which suggests that the model is able to detect almost all the fire events correctly. To evaluate the overall performance of the WSN-based fire detection framework, we use two state-of-the-art metrics; accuracy and F-Measure. For our model, we get 97.2% accuracy and 0.95 F-measure values, which shows that the WSN-based model detects fire and no-fire events correctly with much less confusion. 
Conclusion and future recommendations
In this work, a smart WSN node is presented for early fire detection. The proposed node is efficient in terms of cost, size, and power. The hardware for the node is prepared using the PCB design of the circuit and the sensors. The fire event is detected using five sensors; flame detection sensor, temperature sensor, humidity sensor, smoke sensor, and light sensor. The cost of our final standalone node is 25$ which is lowest compared to other available nodes. In addition, the node utilizes less power compared to other state-of-the-art models. The experiments are performed in a well-controlled real-time environment. The data collected from real experiments is used to train a Bayesian classification model and test the validity of the proposed fire detection workflow. The smart node-based fire detection model achieved an excellent accuracy thus outperforming other state-of-the-art fire detection algorithms. The results showed that the proposed WSN node can efficiently detect fire events with fewer false alarms. In the next phase, we are progressing in developing IoT-enabled fire detection node. The RF transceiver on the current node will be replaced by the Wi-Fi module. The fire detection nodes, base station, and client user will be connected to the Internet. The Internet will be used as the platform to transmit real-time sensor values and other data. The data received from the sensor will be secured using a cryptographic approach before transmission. A web interface will be used to analyze real-time results. This will enable the fire department to monitor live updates and take quick action in case of fire. The work is in progress and expected to be completed within few months.
